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MAXI J0556-332 is the hottest transient accreting neutron star at the beginning of its qui-
escence. A theoretical model with crustal heating indicates that an additional shallow heat
source of Qshallow > 6 MeV per accreted nucleon is required in the shallow outer crust with
respect to the deeper star crust by considering the observed decline in accretion rate at the
end of outburst. However, the physical source of this shallow heating is still unclear. In the
present investigation, we performed stellar evolutionary calculations, adopting the effects of
outburst behavior of the accretion rate. As a consequence, we find that the quiescent light
curve of MAXI J0556-332 can be well explained by the nuclear energy generation due to the
hot CNO cycle.
The observations of quiescent X-ray luminosity from accreting neutron star transients has
opened a new probe for exploring the physics of the neutron star structure.1–4) A transiently
accreting neutron star experiences periods of outburst activity separated by long phases of
relative quiescence periods, during which accretion is switched off or strongly suppressed.
The accreted crust is heated during outburst by electron captures, neutron emission, and pyc-
nonuclear reactions that release 1−2 MeV per accreted nucleon.5–7) The energy release due to
crustal heating heats the star enough to produce the quiescent light curve which is consistent
with the observations.4, 8, 9)
However, it has been advocated that the shallow outer crust (ρ . 1010 g cm−3) should be
heated with respect to the deeper neutron star crust to explain the temperatures observed in
the first months of relaxation for several sources, for example, the light curves of KS1731-260
and MXB 1659-29 required a shallow heat source of ≈ 1 MeV in the calculation by Brown
∗l.helei@mail.scut.edu.cn
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& Cumming.10)
MAXI J0556-332 is such an accreting neutron star transient; it was discovered in January
2011 through MAXI11) and went into quiescence in May 2012. After the outburst period had
continued for more than 16 months, it returned to quiescence.12) The observations of MAXI
J0556-332 through Chandra and XMM-Newton were initiated and had been analyzed using a
variety of X-ray instruments. As a consequence, the Swift/XRT light curve indicates that there
is an exponential decay time scale of ∼ 3.3 days for the last ≈ 14 days of the outburst.12) The
data of MAXI J0556-332 obtained through the Rossi X-ray Timing Explorer (RXTE) show
similarities to the class of low mass X-ray binaries known as “Z-sources”,12, 13) implying that
the neutron star in MAXI J0556-332 accretes at near- or super-Eddington limit.
Furthermore, this star has been thought to be the hottest quiescent neutron star in this
class, in which crustal heating models cannot explain the observational data of light curve. In
Deibel’s detailed calculation,14) an additional shallow heat source Qshallow ≈ 6 − 16 MeV per
accreted nucleon is required by considering of the decay of the accreting rate at the end of the
outburst. However, the physical source of this shallow heating is still unknown. Furthermore,
we cannot adopt the relation between the photospheric temperature and the temperature at
the bottom of accreted envelop if some heatings occur in the envelope. Regarding the crustal
heating, the heat flow from the crust to the inner regions has been shown to be important for
explaining the observation related to the X-ray burst due to helium shell burning.14)
In the present paper, we present theoretical fits to the light curve for the observa-
tional data of the transient source MAXI J0556-332 by adopting the stellar evolutionary
code with the effect of the outburst behavior; the accretion rate does not turn off instan-
taneously at the end of the outburst. We assume a similar decay time scale obtained from
the Swift/XRT observations. In the accretion layer, the nuclear reaction from the hot CNO
cycle15) is included because it will occur when the temperature increases in the range of
0.2 ≤ T9 ≤ 0.5 (T9 = T/10
9 K). During the quiescence, the energy deposited through crustal
heating, compressional heating, and hot CNO cycle will be released gradually.
We performed calculations of the thermal evolution of neutron stars in hydrostatic equi-
librium by using the spherical symmetric stellar evolutionary code,16, 17) which includes full
general relativistic effects formulated by Throne.18) Basic simultaneous differential equations
are written as follows:
∂Mtr
∂r
= 4pir2ρ , (1)
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Here, Mtr and Mr are the gravitational and rest masses, respectively, in radius r; ρ and ρ0
denote the total mass energy and rest mass densities, respectively; P and T are the pressure
and local temperature, respectively; εn and εg are the energy generation rates by nuclear
burning and gravitational energy release, respectively. Furthermore, εν represents energy loss
rate by neutrino emission; ∇rad and ∇ad are the radiative and adiabatic gradients, respectively;
φ is the gravitational potential in unit mass.
We adopt the fraction of the rest mass q [= Mr/M(t)], which is adopted when the stellar
mass varies.16, 19) The gravitational energy release εg in Eq. (3) is expressed as εg = ε
(nh)
g +ε
(h)
g ,
where each part in the right-hand side is written as follows:
ε(nh)g = − exp
(
−
φ
c2
) T ∂s∂t
∣∣∣∣∣∣
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φ
c2
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M
(
T
∂s
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∣∣∣∣∣∣
t
+ µi
∂Ni
∂ ln q
∣∣∣∣∣∣
t
)
, (8)
where µi and Ni are the chemical potential and number per unit mass of the i-th element,
respectively, and t is the Schwarzschild time coordinate. In Eq. (8), M˙ is the mass accretion
rate. Eqs. (7) and (8) are respectively called nonhomologous and homologous terms, where
the latter implies a homologous compression due to the accretion.16) Note that compressional
heating due to the accretion contributes significantly to the heat source as well as nuclear
burning.
We adopt an equation of state (EoS) by Lattimer & Swesty20) with the incompressibility
of 220 MeV in the inner layers (ρ ≥ 1012.8 g cm−3) and connect it to EoS in Ref. 21) for
the outer layers (ρ < 1012.8 g cm−3). The neutrino emission process is set to a slow cool-
ing process; electron-positron pair, photo, plasmon processes;22–24) bremsstrahlung process;
modified Urca (MURCA) process. We do not include the neutrino emission through pion
condensation. Therefore, the dominant processes are MURCA and bremsstrahlung processes.
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The corresponding energy loss rates are briefly written as follows:22)
εMURCAν = 2.6 × 10
20
(
ρ
ρnuc
)2/3
T 89 erg cm
−3s−1, (9)
εbrems.ν = 3.8 × 10
19
(
ρ
ρnuc
)1/3
T 89 erg cm
−3s−1, (10)
where ρnuc is the nuclear density. On the other hand, the neutrino emission rates have been
studied; however, the uncertainty of a factor of ten remains because of the insufficient under-
standing of the symmetry energy and nucleon effective mass in the dense matter.25) Moreover,
we do not include the strong process such as pion condensation. Although pion condensation
accompanies the strong neutrino loss rates, the effects of the super-fluidity may reduce the
neutrino emissions. However, the critical temperature for the super-fluid to occur is very un-
certain. As our aim is to present a possible heat source instead of unknown source, we neglect
the strong neutrino emission for simplicity.
The energy generation includes crustal heating,5) compressional heating,16) and the hot
CNO cycle.15) Crustal heating has the following form:
Qi = 6.03 × M˙−10 qi 10
33 erg s−1 , (11)
where M˙−10 = M˙/(10
−10 M⊙ yr
−1) is the mass accretion rate, and qi is the deposited heat per
nucleon on the i-th reaction layer. Detailed tables for qi can be found in Ref. 5). The energy
generation rate εn in Eq. (3) can be obtained from Qi/δM, where δM is the mass of the i-th
reaction layer.
The other heating process is viscous heating, which originates because of the r-mode
instability associated with the rapidly rotating NSs.26, 27) This process may affect the tempera-
ture evolution of NSs;28) however, we do not include it in our study because the dimensionless
amplitude of the r-mode is very uncertain, and the heating rates is unclear.29)
The accreted matter is assumed to have a uniform chemical composition with each mass
fraction (X, Y, Z) = (0.73, 0.25, 0.02), where X, Y , and Z represent the mass fractions of hy-
drogen, helium, and heavy elements, respectively.We adopt the simple formula of the nuclear
energy generation rate for the hot CNO cycle15) for the temperature range of 0.2 ≤ T9 ≤ 0.5:
εhCNO = 5.86 × 10
15Z′ erg g−1 s−1 , (12)
where Z′ represents the sum of the mass fractions of CNO isotopes inside the accreted enve-
lope, that is, Z′ = 0.02.
We construct the initial models of a neutron star to be accreted at around the Eddington
rate dM/dt = 2.73×10−8M⊙ yr
−1 with and without the crustal and compressional heatings and
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Fig. 1. Model fit to the quiescent light curve of MAXI J0556-332 for a neutron star with M = 1.54 M⊙
and R = 12.48 km considering the hot CNO cycle. The two data with high effective temperatures above the
theoretical light curve are considered to be contaminations from residual accretion.14) The observational data
are taken from Ref. (12).
the hot CNO cycle. The initial model corresponds to a steady state, in which the nonhomol-
ogous part of the gravitational energy release Eq. (8) can be neglected.16, 17) The gravitational
mass and radius of the neutron star are M = 1.54 M⊙ and R = 12.48 km, respectively. We
assume a decay time scale τ (e-folding time) at the beginning of cooling, where the time scale
is chosen to match the duration of the MAXI outburst.12) Futhermore, we construct the light
curve by tuning the mass of the accreted elements ∆M and τ for the accretion rate.
Figure 1 shows the theoretical light curve with ∆M = 1.2 × 10−12M⊙ and τ = 14 days.
Five curves are drawn involving four cases: curve ‘a’ includes only the crustal heating (11),
and curve ‘b’ only the compressional heating (8). The case for the heating due to the hot CNO
cycle (12) is indicated by ‘c’. Note that the time is measured from the end of the outburst,12)
and our cooling curve (‘a+b+c’) can well reproduce the light curve as a whole. The dotted
curves (‘a+b’ and ‘b’) show the light curves without the additional energy source of the hot
CNO cycle. We recognize that the nuclear energy source of the hot CNO cycle can provide
significant heating to increase the luminosity in addition to the compressional and crustal
heatings until approximately 300 days. Both the compressional and crustal heatings maintain
the heating according to the decreasing accretion rate after 500 days. In particular, the light
curve after 700 days is predicted owing to the two heat sources, as shown in Fig 1, in which
the contribution from the compressional heating is larger than the crustal heating by a factor
of 1.8.
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Fig. 2. Changes in the temperature during the quiescence era against the density. The shadowed rectangle
indicates the region where the hot CNO cycle operates effectively. The right edge of the rectangle area indicates
the bottom of the accreted envelope.
Note that the two observational data with high effective temperatures that are not fitted by
our light curve are attributed to the increase in the accretion rates12) or contaminations due to
the residual accretion.14) If we include sudden increases in accretion rates, the temperature in
the accretion layers will increase and furthers the nuclear burning results. However, this may
result in a very complex thermal structure.
The fitting is not adequate for the last two observations because we use the approximate
nuclear energy generation rate of Eq. (12) for the hot CNO cycle. Figure 2 shows changes
in the temperature distribution against the density during the quiescence. The shadowed area
indicates the temperature region for the envelope to reach the condition where the hot CNO
cycle occurs significantly. The hot CNO cycle can be seen to operate until 500 days before
the flat shape of the quiescence appears. Therefore, we must at least consider the effects
of changes in the abundances during the operation of the hot CNO cycle. Furthermore, our
assumption for the exponential decay of the accretion rate may be inadequate to apply the last
two observations of the light curve. If a reasonable initial model reflecting thermal history of
the previous accretions are constructed, detailed calculations of the large nuclear reaction
network could reproduce the light curve.
We constructed a theoretical light curve of MAXI by using a stellar evolutionary code
and tried to fit the observations. We included nuclear burning of the hot CNO cycle in the
envelope in addition to compressional and crustal heatings. Given the accreted mass and e-
folding time, our calculations can reproduce the observed light curve as a whole. The two
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observations around 32 and 85 days locate significantly above our light curves. The two flare
observations might be due to increases in the quiescent accretion rate12) or contamination due
to the residual accretion.14)
Although we do not need to include an unknown shallow heat source different from the
previous study,14) we must discuss the light curve after 200 days. As shown in Fig. 2, the
hot CNO cycle expressed by the Eq. (12) does not operate enough after 300 days because
the formula can be applied for the temperature range of 0.2 ≤ T9 ≤ 0.5.
15) Therefore, the
effective temperature of our light curve decreases rather suddenly after 350 days. To explore
the agreement between theoretical light curve and observations, we need to use a nuclear
reaction network coupled with the stellar evolutionary calculations; this gives changes in
abundances with time. However, this could lead to unstable nuclear burning and type I X-ray
bursts. This is beyond our present research because our aim in this investigation is to find
unknown energy source. To obtain the detailed light curve, we may further need to calculate
X-ray bursts and elucidate how the bursts play a role against the quiescent luminosities.
Note that we have not included the effects of super-fluidity and viscous heating process
because these have large uncertainties. If these are included, we expect that the effective tem-
perature will become higher because the super-fluidity suppresses the neutrino cooling rates,
and the total heating rate increases because of the viscous heating. If we decrease the initial
mass accretion rate dM/dt and choose its e-folding time τ, we may explain the observations
of MAXI J0556-332 without the unknown shallow heat source. Our aim is to investigate the
physical source for the shallow heating of the nuclear burning. Further discussions about the
super-fluidity and viscous heating are beyond the scope of our present study.
In fact, the quiescent light curves of KS 1731-260 and MXB 1659-2910) require the heat
source of approximately 1 MeV per accreted nucleon as the shallow heat source. The relation
between energy sources in the envelope and light curves depends on the history of the accre-
tion and preceding X-ray bursts. These issues are worth-while for studying the neutron star
property. It is significantly important to investigate whether light curves during quiescence
eras can be reproduced with nuclear burning. Furthermore, there remain problems such as the
reheating event12) and Urca cooling30) in the crust. It may be very difficult to include all these
phenomena and/or nuclear processes involving very uncertain nuclear processes.
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